Three-dimensional model of ferrohydrodynamic cell separation (FCS)
Cell or bead trajectories are simulated in a three-dimensional (3D) FCS device (relevant dimensions are listed in Fig. S2 ) by slight modifications of previously developed models with cell properties from cancer cell, white blood cells (WBCs) and relevant beads. 1, 2 We first calculate the 3D magnetic buoyancy force via an experimentally verified and analytical distribution of magnetic fields as well as their gradients, together with a nonlinear magnetization model of the custom-made ferrofluid. In order to simulate the magnetic field distribution in the channel generated from the permanent magnet, we followed the 3 steps as below:
1. We experimentally measured flux density at the center of magnet's polar surface, and points away from surface to obtain a flux density-distance relationship (see Fig. S1 ).
2. From measured flux density-distance plot, we determined value of remnant magnetization of the permanent magnet. This value was used in the magnetic field simulation based on a set of governing equations, 1, 3 in order to generate a simulated flux density-distance relationship. We compared the experimental and simulated flux densitydistance relationship and they were within 5.81% error range.
3. The simulated magnetic field distribution (flux density, strength, and gradient) was then confirmed to be valid and used in subsequent FCS device optimizations.
The magnetic buoyancy force is expressed as,
[S1] where = 4π × 10 -7 H/m is the permeability of free space, V c is the volume of a single cell, 0  is its magnetization, is magnetization of the magnetic fluid surrounding the body, and
is the magnetic field strength at the center of the body. 4 The magnetization of the ferrofluid under an external field is a Langevin function,
where . is saturation moments of the bulk magnetic materials, is
is the Boltzmann constant and T is the
is the concentration (volume fraction) of the magnetic nanoparticles in the  ferrofluid. 4 We also derived the hydrodynamic viscous drag force with velocity difference between the cell and the local flow,
where η is viscosity of magnetic fluids, is diameter of a spherical cell, and are D c velocity vectors of the cell and the fluids respectively, is hydrodynamic drag force coefficient D f of a moving cell considering the influence with a solid surface in its vicinity, which is referred to as the "wall effect". [5] [6] [7] The velocity vectors of the fluids were extracted from a 3D velocity profile simulation generated in COMSOL Multiphysics (Version 3.5, COMSOL Inc., Burlington, MA) through an interpolation method. The COMSOL simulation was conducted with exact conditions of experiments.
We finally solved governing equations of motion using analytical expressions of magnetic buoyancy force and hydrodynamic viscous drag force. Because of the low Reynolds number in a microchannel, inertial effects on the particle are negligible. Motion of a non-magnetic cell in ferrofluids is determined by the balance of hydrodynamic viscous drag force and magnetic buoyancy force.
.
[S4]
This equation was solved by using a fourth-order Runge-Kutta time integration scheme in MATLAB (MathWorks Inc., Natick, MA).
We first confirmed the validity of the model by comparing simulated trajectories ( Fig. S3) with experimental ones (Fig. S4 ) that were obtained from imaging 16.9-µm-diameter H1299 cells (emulated with beads of similar size) and 11.1-µm-diameter WBCs in a FCS device. From Maghemite nanoparticles were synthesized by a chemical co-precipitation method. 8, 9 In a typical reaction, 50 mL of ammonium hydroxide solution was quickly added to a mixture of 100 mL of . Flow rate of cell inlet (Inlet A) was fixed at 6 mL h -1 , ferrofluid concentration was fixed at 0.26% (v/v), and magnetic field was fixed at 443 mT and its gradient was fixed at 56.2 T m -1 for this calibration. ~1×10 4 polystyrene microparticles were mixed with 1 mL of undiluted WBCs. Scale bars: 500 µm. Overall the simulated trajectories matched well with the experimental calibration trajectories, therefore could be used for subsequent FCS device optimization. Flow rate of cell inlet (Inlet A) was fixed at 6 mL h -1 , ferrofluid concentration was fixed at 0.26% (v/v), and magnetic field was fixed at 443 mT and its gradient was fixed at 56.2 T m -1 for simulation and calibration. Scale bar: 500 µm. 
